Early cleavages of Xenopus embryos were oriented in strong, static magnetic fields. Third-cleavage planes, normally horizontal, were seen to orient to a vertical plane parallel with a vertical magnetic field. Second cleavages, normally vertical, could also be oriented by applying a horizontal magnetic field. We argue that these changes in cleavage-furrow geometries result from changes in the orientation of the mitotic apparatus. We hypothesize that the magnetic field acts directly on the microtubules of the mitotic apparatus. Considerations of the length of the astral microtubules, their diamagnetic anisotropy, and f lexural rigidity predict the required field strength for an effect that agrees with the data. This observation provides a clear example of a static magnetic-field effect on a fundamental cellular process, cell division.
The well defined and consistent early cleavages of the Xenopus embryo recommend it for analysis of the establishment of cleavage geometries. Shortly after fertilization, eggs orient their animal-vegetal (AV) axis parallel with gravity (see Fig.  1 ) and initiate cleavage, a series of synchronous cell divisions (see Fig. 2 a and b) . The first three cleavages are typically orthogonal to each other. The first cleavage plane is vertical and passes through the AV axis. The second cleavage plane is also vertical, and passes through the AV axis, but at right angles to the first cleavage plane. The third cleavage plane is horizontal, parallel with and slightly above the egg equator, and perpendicular to the first two cleavage planes (1) .
The shape of a dividing cell strongly influences the orientation of its mitotic apparatus (MA) and, hence, the orientation of the cell-division plane (2, 3) . Hertwig (4) proposed an empirical rule that the MA aligns along the direction of ''greatest protoplasmic mass'' (5) . In accord with Hertwig's rule, investigators have manipulated cell shape to change MA orientation (3, 6) . Evidence indicates that the MA aligns in response to forces exerted on it by the dynamic astral microtubules that extend to the cell membrane (7) (8) (9) (10) (11) , and these forces depend on cell shape through the length dependence of the microtubule buckling force (7, 9) .
Here, we show the reorientation of early cleavage planes in Xenopus, without altering cell shape or volume, by using a static magnetic field. We infer that the MA aligns perpendicularly to a strong magnetic field. We speculate that fieldinduced bending of astral microtubules can modify the MAalignment process to yield the observed effects. By using recent measurements of the diamagnetic anisotropy (12) and flexural rigidity of microtubules (13), we estimate the field required to bend microtubules and find it agrees with our experimental observations.
MATERIALS AND METHODS
All experiments were performed with a two-turn Bitter solenoid at the Francis Bitter National Magnet Laboratory (MIT, Cambridge, MA). At the center of the solenoid, the field is maximal and homogenous, but, away from the center, the field varies continuously along the axis, creating a field with a field gradient. In a single experimental run, sets of eggs were placed in different positions along the axis of the solenoid, thereby subjecting them to different field strengths as well as different field͞field gradients. The current through the solenoid, and hence the field itself, was regulated to Ϯ0.3%. Magnetic fields were applied parallel or perpendicularly to the AV axis of the egg by orienting the solenoid axis parallel or perpendicularly to the direction of gravity (see Fig. 1 ). Eggs were held in position in a water-cooled copper sleeve with glass or plastic dishes on copper plates. Temperature was monitored with thermocouples at each sample position, periodically confirmed with an alcohol thermometer and held between 18°C and 21°C. Temperature of the discharge was also monitored. This apparatus prevented measurement of the aspect ratio of eggs in the bore. In a related experiment, however, aspect ratios of embryos in a 14-T field parallel to the AV axis were measured with an apparatus specifically designed to allow visualization of their tops and sides (14) .
Ovulation and fertilization were performed as described (15) . Eggs were placed into the magnetic field before 0.3 of a normalized first cell cycle and removed when control embryos had reached third cleavage (or as indicated). Half of the samples were fixed, and the remainder were left to develop to tadpole stage 34 (1) . Eggs left to develop were maintained at 18°C until returned to the laboratory, where they were maintained at 16°C in 33.3 mM NaCl͞0.67 mM KCl͞0.67 mM CaCl 2 ͞0.33 mM MgCl 2 ͞1.67 mM Hepes, pH 7.4, and gentamicin. During development, embryos were held to a maximum of 20 embryos per dish. Samples were fixed in Bouin's solution (16) , washed in 50% ethanol͞5 mM ammonium hydroxide, then brought to 100% ethanol. For each experiment, eggs were pooled from five females. Results are pooled from two separate experiments on 2 separate days.
RESULTS
Magnetic fields were first applied parallel to the AV axis (AV-parallel; Fig. 1 Right). Sets of embryos were placed in magnetic fields of strengths of 1.74, 3.07, 6.05, 12.4, and 16.7 T. At the 16.7-T position, the field was homogenous. Photographs of the sides and tops of embryos in a 14-T AV-parallel field obtained in a related experiment (14) showed that the shapes of the embryos were unaltered along any axis to within our resolution of 10%. The cleavage geometries of samples removed at the end of first and second cleavage were normal. By contrast, at the end of third cleavage, a striking alteration in the orientation of the cleavage planes was seen. Many third
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cleavages, normally horizontal, were vertical (i.e., parallel with the magnetic field). Moreover, the number of normal horizontal cleavages decreased with the increasing strength of the magnetic field. To quantitate this effect, we scored each individual third cleavage among the eight cells of a fixed embryo as horizontal or vertical. Fig. 2 shows top and side views of embryos with four ( Fig. 2 a and b) , three ( Fig. 2 c and  d) , two ( Fig. 2 e and f ), one ( Fig. 2 g and h) , or zero ( Fig. 2 i and j) horizontal third cleavages. Most oblique cleavages created a cell whose body spanned the AV tiers as in Fig. 2d and were scored as vertical. The average number of horizontal third cleavages per embryo are graphed as a function of magnetic-field strength (Fig. 2k) . With increasing field strength, the average number of normal horizontal third cleavages per embryo decreases from the control-embryo value of 2.7 to 0; in short, virtually all third cleavages are vertical at 16.7 T. The percentage of embryos that developed to normal tadpoles (50%) was independent of the number of vertical third cleavages per embryo and did not vary over the range of 1.7-16.7 T. The remainder exhibited field-induced gastrulation defects (J.M.D., J.M.V., Jr., K.L., and K.L.M., unpublished work).
Next, the magnetic field was applied perpendicularly to the AV axis of the egg (AV-perpendicular) to determine whether the first or second cleavage could be reoriented in an analogous fashion. Eggs were positioned in a homogeneous 15-T AV-perpendicular field of a horizontal-bore solenoid. Samples were withdrawn at the end of the first, second, and third cleavage. No alteration was observed for the first-cleavage orientation. The second cleavage, however, was reoriented in a significant number of cases (17-24%). Fig. 3 illustrates the two classes of reorientation that were noted. In the first class, the second cleavages are still vertical but are not orthogonal to the first-cleavage plane. Rather, they are at oblique angles, resulting in two large and two small blastomeres (Fig. 3a) . In the second class, one of the two second cleavages is reoriented to a horizontal plane, parallel to the magnetic field, resulting in a small animal-hemisphere blastomere on top of a large vegetal blastomere and a normal-looking half embryo (Fig.  3b) . For comparison, a control four-cell embryo is also shown (Fig. 3c) . AV-perpendicular fields did not affect third cleavages. All embryos from the AV-perpendicular field developed normally.
DISCUSSION
Our results indicate that cleavage furrows align parallel to a strong magnetic field. This parallel alignment leads to the complete reorientation, from horizontal to vertical, of the third cleavage in an AV-parallel 16.7-T field without affecting the first and second cleavages. No effect is expected on first and second cleavage, because their planes are already oriented parallel to the applied field. By contrast, in an AVperpendicular field, only the planes of the first and second cleavages are expected to be turned by the field, because horizontal third cleavages are already parallel to the field. The absence of reoriented first cleavages is explained easily, because the first cleavage can orient along any meridian about the AV axis (17) . The finding that reoriented second cleavages occurred much less frequently than reoriented third cleavages in both the controls and in a magnetic field suggests that the cell shape at second cleavage strongly constrains the orientation of the cleavage furrow compared with cell-shape constraints at third cleavage. This conclusion agrees with Bjerknes' calculations of MA orientation in Xenopus. He found that the third-cleavage MA was the most susceptible to reorientation (7) . Our data also support this finding, as one of four third cleavages in control embryos is vertical (Fig. 2k) . Quantifying the changes from the orthogonal aspect shows that there is a notable deviation from standardized descriptions of third-cleavage planes in normal Xenopus embryos (1). It is significant that the maximum effect on the third and second cleavage furrows occurred in the homogeneous-field region and not in the inhomogeneous (gradient) field. Magnetic fields couple to diamagnetic materials, such as those in frog embryos, in two ways. A diamagnetic material in an inhomogeneous magnetic field experiences a translational force that is proportional to the field͞field-gradient product and directed toward lower field. If a material has intrinsic anisotropies in the susceptibilities of its molecules, then a magnetic field, homogeneous or inhomogeneous, exerts torque on it. Therefore, the effect is related directly to field strength rather than the field͞field-gradient product. That is, cleavage-furrow reorientation results from magnetic fieldinduced torques and not translational forces.
The target structures on which the torques act must consist of a large number of diamagnetically anisotropic molecules. Even though most biological molecules are diamagnetic and diamagnetically anisotropic, the randomizing effects of thermal energy (kT, where k is Boltzmann's constant and T is the thermodynamic temperature) reduce the net translation or alignment of single molecules induced by magnetic fields (B) in the 1.7-to 16.7-T range (18, 19) . However, the thermal energy cannot prevent the alignment of very large molecules, polymers, or groups of molecules, because their diamagnetic susceptibilities are cumulative (18) (19) (20) (21) (22) . For example, the estimated diamagnetic anisotropy per unit length of a microtubule is Ј ϭ 2 ϫ 10 Ϫ23 m 2 so that a 3-m long microtubule will orient parallel to a 10-T field with an orientation energy equivalent to kT (12) .
We have considered the three main structures involved in establishing cleavage-furrow orientation as potential primary magnetic-field targets: the plasma membrane, the contractile ring, and the MA. All consist of large assemblies of aligned molecules or polymers that are known to be diamagnetically anisotropic (12, 18) . If the interaction of an AV-parallel magnetic field with the phospholipid bilayer (18) of the plasma membrane causes significant flattening of the embryo, vertical third cleavages may be induced. We observed no deformations of the embryos in the magnet to within 10%. By comparison, mechanical deformations of 30% or more are necessary for orienting first cleavage (6); thus, this mechanism seems unlikely. The second structure, the contractile ring, could also be turned directly by the magnetic field, because it contains aligned actin filaments (23) . However, functional mitoses resulted in embryos that all had vertical third cleavages, and even embryos that did not gastrulate properly did not exhibit any evidence of cell death. Consequently, the contractile ring was not uncoupled from the MA in the field, ruling out its potential as a target.
Perhaps the most obvious structure is the MA, because it is known to dictate the position of the cleavage furrow (3) and consists largely of diamagnetically anisotropic microtubules (12) . It is believed that under normal conditions, the MA is driven into its final orientation by torques exerted on the spindle by astral microtubules that grow to and push against the cell membrane (3, 7-9). We speculate that an applied magnetic field changes this process in two ways. It exerts an additional, direct magnetic torque on the spindle ( BS ) that, according to in vitro measurements (12) , tends to align the spindle with the field. It also changes the torque exerted on the spindle by the astral microtubules ( AS ) by altering the distribution and effective mechanical properties of the astral microtubules. If AS Ͼ BS , the spindle will align perpendicularly to the field, resulting in vertical third cleavages. A model for how the magnetic field can affect AS is illustrated in Fig. 4 . For B ϭ 0 (Fig. 4a) , the distribution of the astral microtubules is uniform, and the symmetry dictates that AS ϭ 0. For B 0, growing astral microtubules bend to align with the field, creating a nonuniform distribution. Moreover, the maximum force that an individual microtubule can exert is larger when it is parallel to an applied magnetic field, because the field helps to stabilize it, preventing it from buckling. The forces exerted by this nonuniform distribution on the spindle poles create a net torque that tends to turn the spindle as in Fig. 4b . Calculations (J.M.V., Jr., and W.L.J., unpublished work) with in vitro measurements of the flexural rigidity (13) and Ј (12) suggest that such a qualitative rearrangement of the astral microtubules is reasonable. Specifically, they indicate that at 10 T, the field strength at which half of the third cleavages were vertical, microtubules as long as those in the asters of Xenopus (Ͼ200 m) bend to align with the field. Predicting whether or not AS Ͼ BS requires knowing the amount of astral and spindle microtubules, because we expect AS and BS to be roughly proportional to these quantities, respectively. Images of first-cleavage MAs in the later stages of mitosis (24) suggest that the amount of astral microtubules can exceed the amount of spindle microtubules so that AS Ͼ BS is plausible.
The effect that cleavage planes align parallel with a strong magnetic field must result from the interaction between the magnetic field and a diamagnetically anisotropic structure(s). At present, we consider the MA the most likely candidate, but we cannot rule out other targets or mechanisms.
